The suicide inactivation mechanism of tyrosinase acting on its substrates has been studied. The kinetic analysis of the proposed mechanism during the transition phase provides explicit analytical expressions for the concentrations of o-quinone versus time.
INTRODUCTION
Tyrosinase or polyphenol oxidase (EC 1.14.18.1) is a copper protein that uses molecular oxygen to catalyse the hydroxylation of monophenols to o-diphenols (monophenolase activity) and the oxidation of o-diphenols to o-quinones (diphenolase activity) [1, 2] . Tyrosinase undergoes an inactivation process when it reacts with its substrate, a phenomenon that has long been known in the case of enzymes from a variety of natural sources, including fungi, plants and animals [3] [4] [5] [6] [7] [8] [9] . The study of enzymatic inactivation by suicide substrates or mechanism-based inhibitors is of growing importance because of possible pharmacological applications [10, 11] . In the case of mammalian, viral, bacterial or parasitic proteases, a recent review looked at the design of mechanism-based enzyme inhibitors [10] . In addition, suicide substrates and mechanism-based enzyme inactivators may be useful for studying enzymatic mechanisms and designing of new drugs [12] . Since tyrosinase participates in different physiological processes, such as fruit and vegetable browning and pigmentation in animals [2] , the suicide inactivation of this enzyme is of even more interest.
We have made several kinetic studies of suicide inactivation mechanisms using mushroom tyrosinase [13] , frog skin tyrosinase [14.15] and peroxidase from different sources [16, 17] . We have also studied the suicide inactivation of an enzyme that can be measured from coupled reactions [18] and published a totally experimental study which used several experimental designs to kinetically study suicide inactivation [19] .
The kinetics of the suicide inactivation of tyrosinase have been studied and characterised by determining the kinetic parameters that identify a suicide substrate: max λ (maximum apparent inactivation constant), partition ratio between the catalytic and the inactivation pathways " r " and the Michaelis constant fully clarified [13] [14] [15] 18] . To date, three mechanisms have been proposed to explain this inactivation: (i) an attack by the o-quinone product on a sensitive nucleophilic group vicinal to the active site [5] , (ii) free radical attack on the active site by the reactive oxygen species (ROS) generated during the catalytic oxidation [7] and (iii) a mechanism that involves catechol substrate presenting itself at the active site as a cresol, "cresolase presentation". This leads to the catechol being oxidised to form a product able to undergo deprotonation and reductive elimination, resulting in inactivation of the enzyme through the formation of copper (0) at the active site [20] .
With regard to the first two mechanisms proposed, in experiments where oquinone binding was prevented, there was no influence on inactivation, and attempts to protect the enzyme with radical scavengers proved unsuccessful [8, 21] . As regards the third mechanism, the presentation of the o-diphenol as a monophenol (cresolase presentation) [20] , the firmest evidence to support this, according to the authors, is the fact that trihydroxylated compounds such as pyrogallol do not produce inactivation.
In recent years we have taken a closer look at the tyrosinase catalysis mechanism, both as regards its monophenolase and diphenolase activities [1, [22] [23] [24] [25] [26] [27] , and proposed a structural mechanism to explain the enzyme behaviour [28] . We have also studied the kinetics of the lag phase in monophenolase activity [29] , although the structural mechanism of the suicide mechanism has been overlooked. To our mind, the study most directly related with suicide inactivation was one that considered the hydroxylation of monophenols to o-diphenols, whereby it was proposed that from the (enzyme-diphenol) complex generated, the o-diphenol may be oxidised to o-quinone, or be released to the medium as o-diphenol [28] . In this way, when oxy-tyrosinase ( ) binds to the monophenol, it is hydroxylated in the ortho position so that it remains in an axial-equatorial position. From this position, the enzyme releases the o-diphenol ox E generated from the equatorial position, breaking the axial bond and giving rise to met- proton to the peroxide. In the latter case, the concerted oxidation/reduction step could not occur, due to the lack of co-planarity. However, oxidation/reduction on one atom of copper could occur, the copper passing to copper (0) and forming o-quinone, hydrogen peroxide and inactive enzyme (inactivation pathway). We attempt to confirm this hypothesis (Scheme I) by experimental data, which can be correlated with the 
MATERIAL AND METHODS

Reagents
Mushroom tyrosinase or polyphenol oxidase (o-diphenol: oxidorreductase, EC 1.14.18.1, 8300 units/mg) and β-NADH were supplied by Sigma. The enzyme was purified as previously described in [25] . The substrates used were: pyrogallol, catechol, 4-chlorocatechol, 4-methylcatechol, 4-ethylcatechol, 4-tert-butylcatechol, 3,4-dihydroxyphenylpropionic acid (DHPPA), 3,4-dihydroxyphenylacetic acid (DHPAA), gallic acid methyl esther, gallic acid, protocatechuic acid, protocatechuic aldehyde and 4-nitrocatechol (all from Sigma). The corresponding structures are shown in Table 1 .
Other chemicals were of analytical grade.
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The kinetic assays to study suicide inactivation use spectrophotometric and oxymetric methods [30, 31] .
Spectrophotometric assays
These assays were carried out with a Perkin-Elmer Lambda-35 spectrophotometer, on line interfaced to a PC-computer, where the kinetic data were recorded, stored and later analyzed. The product of the enzyme reaction, the oquinone, is not suitable for experimental detection at long assay times due to the instability of the o-quinones [32, 33] . Depending on the spectrum of the substrate and oxidation potential of the corresponding o-quinone, the reaction was followed by measuring: (a) the disappearance of NADH at 340 nm, with ε = 6230 M -1 cm -1 (4-chlorocatechol, 4-methylcatechol, 4-ethylcatechol, 4-nitrocatechol, DHPPA, DHPAA, catechol, 4-tert-butyl-catechol, protocatechuic acid and protocatechuic aldehyde) or b) the disappearance of ascorbic acid at 290 nm with ε = 2175 M -1 cm -1 (pyrogallol) [34] .
Oxymetric assays
When the substrate and NADH (or ascorbic acid) spectra overlapped, oxymetric assays were carried out [31] . Measurements of dissolved oxygen concentration were made with a Hansatech (Kings Lynn, Cambs, U.K.) oxygraph unit controlled by a PC.
The oxygraph used a Clark-type silver/platinum electrode with a 12.5 µm Teflon membrane. The sample was continuously stirred during the experiments and its temperature was maintained at 25 ºC. The zero oxygen level for calibration and the experiments was obtained by bubbling oxygen-free nitrogen through the sample for at least 10 min. The substrates gallic acid and gallic acid methyl ester were studied by means of this method. 
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Data analysis
The experimental data for the disappearance of or with time ( Fig.   1 ) follow the equation: (2) in which (i = 1 -4) can be obtained by non-linear regression [36] . 
Kinetic characteristics of the oxidation of trihydroxylated substrates
In the case of vicinal trihydroxylated phenolic substrates, the kinetic assays should be carried out in the presence of superoxide dismutase (SOD), since the spontaneous oxidation of these compounds is very strong and superoxide anion is formed, generating an autocatalytic oxidation mechanism. In the presence of SOD, however, this mechanism is inhibited and the inactivation kinetics can be followed spectrophotometrically or oxymetrically.
13
C-NMR
For all the substrates used, the 13 C-NMR spectra were obtained in deuterated water pH 7.0, which provided the shifts of the C-1 ( δ ) and C-2 ( for o-diphenols indicate high nucleophilic power at pH 7.0 [22] .
RESULTS
The kinetic mechanism proposed to explain the suicide inactivation of tyrosinase acting on o-diphenols is based on the structural mechanism proposed in Scheme I and can be outlined as follows:
The derivation of the analytical expression which establishes the accumulation of the product ( Q ) with time, when [S] 0 >> [E] 0 , is described in detail in supplementary material section.
Previous kinetic studies on the suicide inactivation of tyrosinase from diverse sources indicated that the process follows first-order kinetics and has a much higher partition ratio ( ) than 1 [5, 9, [13] [14] [15] . This implies that the species of the catalytic pathway of Scheme II are in a restricted steady-state, 
Bearing in mind that
K values are very low [37] and that the initial oxygen concentration is 0.26 mM, the enzyme is saturated with and, from Equations S8
and S9, we obtain:
Experimental design
The experimental study of the kinetics of suicide substrates or mechanismbased enzyme inhibitors is important for obtaining reliable kinetic parameters S t a g e 2 ( a ) P O S T -P R I N T Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
In a previous study, we outlined the methodology necessary for kinetically characterising a suicide substrate following the reaction continuously [19] . Two basic situations were described: a) the suicide substrate gives rise to an easily measurable product, in which case the kinetics is studied by measuring this product, or b) when the suicide substrate gives rise to a product that cannot be measured easily, in which case a non-suicide auxiliary substrate is necessary to characterise the inactivation kinetics continuously. In the present work, we apply the experimental design described in [19] to the suicide inactivation of tyrosinase as it acts on o-diphenols since, although the products obtained, o-quinones, are unstable [32,33], they can be reduced by or and the disappearance of these coupled reagents can be measured.
Alternatively, the consumption of oxygen can be measured in an oxygraph since oxygen is also a substrate of the enzyme. The experimental design can be described in three stages:
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Step 1: Preliminary assays, in which the experimental conditions are optimised and the design is detailed.
Step 2: Study of the variation in enzyme concentration and determination of the parameter r.
Step 3: study of the variation of substrate concentration and determination of max ,
Experimental study of suicide inactivation
The following o-diphenols are used in this work: Catechol, 4-chlorocatechol, 4-methylcatechol, 4-ethylcatechol, 4-tert-butylcatechol, DHPPA, DHPAA, 4-nitrocatechol, protocatechuic acid and protocatechuic aldehyde (see Table 1 ).
Step 1. Fig. 1 shows the spectrophotometric recordings of the disappearance of (curves (a) and (c)) and their corrections after fitting according to Equation 2 and after subtracting the parameters (curves (b) and (d)). These corrected registers are analysed as described in the Data Analysis section. By means of these preliminary studies, the concentration of enzyme is optimised so that . 
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To study substrates like gallic acid methyl ester, whose suicide inactivation cannot be followed spectrophotometrically, an oxymetric method was employed, which measures the consumption of oxygen with time (Fig. S2 ). The Inset of Fig. S2 shows vs. and the independence of
. , from whose slopes and according to Equation 5 , the partition ratio r can be determined (see Table 2 ).
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Step (Table 2) . From these values and taking into consideration Equation 5, the catalytic constant, , can be obtained (see Table 2 ). Table 2) .
DISCUSSION
Pharmacological importance of suicide substrates
The study of suicide inactivation and irreversible inhibition is important in the functional design of synthetic inactivators for therapeutic applications. For example, irreversible inactivators (insecticides) have been designed against acetylcholinesterase and suicide substrates of β-lactamases (clavulanic acid) that help the action of antibiotics (amoxycilin) [12, 38] .
The process of tyrosinase inactivation has long been studied in plants and animals [3] . Later, tyrosinase was studied in Neurospora crassa [9, 21] , mammals [6] [7] [8] , mushroom [13, 39, 40] and frog skin [14, 15] . Recently, a possible mechanism to explain the suicide inactivation of mushroom tyrosinase has been proposed [20] . Based on kinetic studies with tyrosinases from several vegetal sources [41, 42] and mushroom in steady state [22, 24] , we proposed a structural mechanism to explain the kinetic results obtained at short times, where the suicide inactivation process is not significant in practice. Studies with mushroom tyrosinase in pre-steady-state permitted additional information to be obtained on the mechanism [25] .
When an enzyme acts on a suicide substrate, the resulting transition phase permits us to look at the kinetics of the suicide inactivation process that coincides with enzymatic catalysis. When an enzyme acts on a suicide substrate, two pathways are set in action: the catalytic pathway, which gives rise to a product, and an inactivation pathway that gives rise to an inactive enzyme, the whole process taking place in a post-steady-state transition phase (the steady state is reached at and then evolves in transition phase until the reaction stops since the enzyme is inactivated, hence the name post-steady-state). In our previous studies [13-15], we tried to obtain explicit solutions for product vs. time, since these are more useful for data analysis and make it easier to obtain the kinetic information that characterises a suicide substrate: the partition coefficient, ; K [37] and, at the concentration of oxygen in the solutions, (0.26 mM), the enzyme was saturated. These are the conditions used in the assays here described.
Another aspect to bear in mind is the spontaneous oxidation of the o-diphenol and triphenol substrates. In the case of vicinal triphenols, oxidation may become quite pronounced and can be stopped by adding SOD to the reaction medium. By following the steps of the experimental design described in Results, the kinetic information shown in Table 2 can be obtained.
From these data, the parallelism between the maximum apparent inactivation constant ( max λ ) and the catalytic constant ( ) can be seen (Table 2) Table 2 ).
The parameter indicates the probability that the hydroxyl group of C-2 will carry out a nucleophilic attack on the second copper ( in the copper will be lower and the proton will be transferred to the histidine. In this way, the hydroxyl group in C-2 will be better able to carry out the nucleophilic attack on the copper and the proton will be transferred to the histidine, binding to the substrate in a diaxial position. When the substrate has a withdrawing group in C-4, the positive charge density of the copper atom will be greater, influencing the hydroxyl group of C-2 and favouring deprotonation, the proton being transferred to the protonated peroxide (see Scheme I). In addition, hydrophobic and esteric effects influence both process (catalysis and inactivation) ( Table 2 ).
In the first case, the catalysis involves a concerted oxidation/reduction reaction, releasing o-quinone and since the oxygens are co-planar with the two copper atoms. However, in the second case, the oxidation/reduction may take place on the one copper atom, releasing o-quinone, copper (0), hydrogen peroxide and inactive enzyme. Table 2 shows the values of , , According to Scheme I, in the complex , with the substrate bound axially to the copper by C-1 (which has a lower positive charge density), the adjacent hydroxyl group has a greater possibility to bind to the second copper, transferring its proton to the histidine. . That is, the tert-butyl group affects both routes through steric hindrance. The values of the parameter (number of turnovers that one mol of enzyme makes before its suicide inactivation) is shown in Table 2 . The values were obtained from the slopes shown in Fig. 3 (5), (ii) a free radical attack on the active site by reactive oxygen species generated during the catalytic oxidation [7] and, more recently, (iii) the processing of a catechol as though it was a monophenol ("cresolase"-type presentation) [20] . The first two hypotheses have been rejected because the inactivation takes place even in the presence of or whose presence prevents the o-quinone binding to the enzyme [13, 21] . In addition, experiments that try to protect the enzyme from the action of free radicals were also unsuccessful [9, 21] .
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Neither were we able to mark the enzyme in the process of suicide inactivation in
]phenol [13] . As regards the third hypothesis, which implies the presentation of a catechol in the form of a "cresolase", the authors [20] suggested that an intermediate product is formed that can undergo deprotonation and reductive elimination; this assumes that the orientation of the phenyl ring in the enzyme-substrate
complex is approximately orthogonal to the plane defined by the copper and oxygen atoms [44] [45] [46] . The experiments carried out in the present work and previously [13] [14] [15] show that: (a) the enzyme undergoes inactivation in the presence of pyrogallol (see Table 2 (possibly a histidine) and the hydroxyl group of the substrate C-1. In Step 2, the enzyme with the help of base B withdraws the proton from the hydroxyl group of C-1 and so the substrate binds axially to the copper (by C-1) [25] . Then, the hydroxyl group of C-2 of the substrate transfers a proton to the histidine [43] , separating it from the copper atom and binding diaxially with both copper atoms in Step 3. Note that the distance between the copper atoms in the form is 2.9 Å. In this way, the substrate is co-planar with the copper atoms and the concerted redox reaction can occur, peroxide group co-planar with the two atoms. Next, the form binds another molecule from the substrate (Step 6). In this case, the base is already protonated and cannot help the substrate bind to the copper. The proton of the hydroxyl group of C-1 must be transferred to the peroxide group, which acts as a base [27, 43, 47] . This would be the slow step of the turnover, controlled by (Step 7) [27, 43, 47] . The fact that the peroxide acts as a base and is involved in the proton transfer from the hydroxyl group of C-1 and C-2 is important. Note that this step of peroxide group protonation has also been proposed in [43] . The protonated peroxide draws the copper atoms in the form closer since its distance in the unprotonated form, 3.6 Å, is too far for the molecule of substrate to bind diaxially. However, this would be possible in the copper atom may also lead to suicide inactivation [48] . Axial/equatorial-type bidentated structures have also been proposed for the binding of o-diphenols to copper (but only one copper) and have been seen by X-ray diffraction to be co-planar [49] . However, the axial/equatorial binding to one copper atom in tyrosinase is not co-planar and so the oxidation/reduction reaction cannot take place. For this reason Steps 10 and 11 have been proposed in the mechanism of Scheme I. The inactivation mechanism is consistent with the experimental observation that 50 % of the copper is lost from the active site during catechol inactivation [21] and also with the experiments carried out [20] concerning the impossibility of reactivating the inactivated enzyme by adding , perhaps indicating the need for a "caddie" protein [43] .
The physiological significance of the suicide inactivation of tyrosinase is not clear, although it could be taken as a limitation to the action of an enzyme that generates cytotoxic products, in this case o-quinones [20] .
CONCLUSIONS
In this work, a kinetic study of the suicide inactivation of tyrosinase during its action on a variety of substrates has been described, and a mechanism has been proposed to explain the experimental kinetic results and to throw light on the suicide S t a g e 2 ( a ) P O S T -P R I N T Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. (E ox -S) 1 (E ox -S) 3 Step 1
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